In animals the basic body plan is determined at early stages of embryogenesis. In fish and amphibians dorso-ventral polarity is established by maternal factors present in the oocyte. Downstream to the dorsalizing effect of maternal factors and the establishment of the organizer, the antero-posterior axis is specified during gastrulation, leading to the induction and regionalization of the neural tube. Subtle modifications in such early events are susceptible to have a major impact in later morphogenesis that can be deleterious or bring along morphological diversification. Here we used cave and surface morphotypes of the fish Astyanax mexicanus to study early embryonic events that could account for phenotypic evolution. First, we found differences in patterns, levels and dynamics of dkk1b expression in the prechordal plate from early gastrulation to somitogenesis. Our analyses of axial and paraxial mesodermal markers indicate that those differences might stem from heterochronic hypoblast internalization and convergent extension movements, which occur earlier in cavefish. Using F1 hybrid embryos obtained by reciprocal crosses of the two inter-fertile morphotypes we found that observed gastrulation differences depend fully on the maternal contribution. Later phenotypic differences in neural development became progressively hidden when zygotic genes take the control over development. Our work strongly suggests that maternal effect genes and developmental heterochronies occurring during gastrulation have impacted morphological brain change during cavefish evolution.
Introduction
Gastrulation is a fundamental process in organism development, leading to the establishment of the embryonic germ layers (endoderm, mesoderm and ectoderm) and the basic organization of the body plan.
Although in vertebrates early embryonic development has adopted highly diverse configurations, gastrulation proceeds through evolutionary conserved morphogenetic movements, including the spreading of blastoderm cells (epiboly), the internalization of mesoderm and endoderm, convergent movements towards the prospective dorsal side and extension along the antero-posterior axis (convergence and extension, respectively) (Solnica-Krezel, 2005) . Internalization of mesendodermal cells takes place through the blastopore, structurally circumferential in anamniotes (fishes and amphibians) and lineal in avian and mammalian amniotes (primitive streak).
A critical step for gastrulation to proceed is the establishment of the embryonic organizer (Spemann-Mangold organizer in frogs, shield in fishes, Hensen's node in birds and node in mammals), a signaling center essential to instruct the formation of the body axis. In fishes and amphibians the induction of the embryonic organizer in the prospective dorsal side occurs downstream to earlier developmental events, driven by maternal determinants deposited in the oocyte during maturation in the ovaries (Kelly et al., 2000; Nojima et al., 2004; . From the organizer will emerge the axial mesoderm, a structure that spans the complete rostro-caudal extent of the embryo, with the prechordal plate anteriorly and the notochord posteriorly. The axial mesoderm is the signaling center that will induce vertically the neural plate/tube in the overlying ectoderm.
The prechordal plate is key for the patterning of the forebrain, through the regulated secretion of morphogens including sonic hedgehog (shh), Fibroblast growth factors (fgf), and inhibitors of the Wingless-Int (WNT) pathway like dickkopf1b (dkk1b) and frizzled-related protein (frzb). Along its rostral migration, the prechordal plate is required for sequential patterning of forebrain elements (García-Calero et al., 2008; Puelles & Rubenstein, 2015) , demonstrating a temporal and spatial requirement of this migratory cell population for brain development from gastrulation onwards.
Within the central nervous system, the forebrain plays a key role in processing sensory information coming from the environment and controlling higher cognitive functions. During evolution and across species, different forebrain modules have experienced impressive morphological modifications according to ecological needs, however the basic Bauplan to build the forebrain has been conserved. Temporal (heterochronic) and spatial (heterotopic) variation in the expression of regionalization genes and morphogens during embryogenesis have sculpted brain shapes along phylogeny.
An emergent model organism to study the impact of early embryogenesis on brain evolution at the microevolutionary scale is the characid fish Astyanax mexicanus. A. mexicanus species exists in two different eco-morphotypes distributed in Central and North America: a "wild type" river-dwelling fish (surface fish) and several geographically-isolated troglomorphic populations (cavefish), living in total and permanent darkness (Mitchell et al., 1977; Elliott, 2018) . Fish from the cave morphotype can be easily identified because they lack eyes and pigmentation. As a result of the absence of visual information the cavefish has evolved mechanisms of sensory compensation, as enhanced olfactory and mechanosensory sensibilities (Hinaux et al., 2016; Yoshizawa et al, 2010) . Sensory and other behavioral adaptations may have allowed them to increase the chances of finding food and mates in caves. Such behavioral changes are associated with morphological modifications such as larger olfactory sensory organs Hinaux et al., 2016) , increased number of facial mechanosensory neuromasts (Yoshizawa et al., 2014) and taste buds (Varatharasan et al., 2009 ), and modified serotonergic and orexinergic neurotransmission systems (Alié et al., 2018; Jaggard et al., 2018) . Remarkably, such morphological and behavioral adaptations have a developmental origin, mainly due to heterotopic and heterochronic differences in the expression of signaling molecules from midline organizers at the end of gastrulation, at the "neural plate" or bud stage. Subtle differences in shh and fgf8 expression domains, larger and earlier respectively in cavefish compared to surface fish, affect downstream processes of gene expression, morphogenetic movements during neurulation and cell differentiation, driving the developmental evolution of cavefish nervous system (Hinaux et al., 2016; Menuet et al., 2007; Pottin et al., 2011; Ren et al., 2018; Yamamoto et al, 2004) . These differences in genes expressed in the midline being already manifest in embryos at the end of body axis formation, we postulated they should stem from earlier developmental events during axis formation and gastrulation.
In order to search for variations in precocious ontogenetic programs leading to phenotypic evolution observed in A. mexicanus morphotypes, here we performed a systematic comparison of the gastrulation process in cave and surface embryos. We found that in the cavefish, the internalization of different mesodermal cell populations is more precocious, prompting us to go further backwards in embryogenesis and to investigate maternal components. Taking advantage of the inter-fertility of A. mexicanus morphotypes we next compared gastrulation and forebrain phenotypes in embryos obtained from reciprocal crosses between cavefish/surface fish males/females. We found that maternal factors present in the egg contribute greatly to the evolution of cavefish gastrulation and subsequent forebrain developmental evolution.
Materials and methods

A. mexicanus embryos
Our surface fish colony originates from rivers in Texas, United States, and our cavefish colony derives from the Pachón cave in San Luis Potosi, Mexico. Embryos were obtained by in vitro fertilization and/or natural spawnings induced by changes in water temperature . Development of A. mexicanus at 24°C is similar and synchronous for both morphotypes . For this study morphological aspects were taken as strict criteria to stage the embryos (number of cells, percentage of epiboly and number of somites). In vitro fertilizations were performed to generate reciprocal F1 hybrids by fecundating cavefish oocyte with surface fish sperm (HybCF), and surface fish oocyte with cavefish sperm (HybSF).
Whole mount in situ hybridization (ISH)
ISH was carried out as previously described . Digoxigenin-and Fluorescein-labeled riboprobes were prepared using PCR products as templates. Genes of interest were searched in an EST (Expressed sequence tag) library accessible in the laboratory. Clones in library (pCMV-SPORT6 vector):
chordin (ARA0AAA23YC10), dkk1b (ARA0AAA18YA07EM1), eya2 (ARA0AAA19YL19EM1), floating-head (ARA0ACA35YA23), myoD (ARA0AAA95YG16), msgn1 (ARA0ACA49YF15), no-tail (ARA0ABA99YL22), npy (FO263072), and vsx1 (ARA0AHA13YJ18). Others: fgf8 (DQ822511), lhx9 (EF175738), shh (AY661431), dlx3b (AY661432), hcrt (XM_007287820.3), lhx7 (XM_022678613) cDNAs were previously cloned. Cloned for this study: total RNA from Astyanax embryos of various stages (2-24 hpf) was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad) and amplified using the following primers: brachyury, FP: CACCGGTGGAAGTACGTGAA, RP: GGAGCCGTCGTATGGAGAAG; frzb: FP: CTCGTCTGTTCACACGGACA, RP: CACGCTTTAGAATCCGCTGC; noggin1: FP: CTCGCTACATCATCGCGGTC, RP: ACGAGCACTTGCACTCTGTG; lefty1: FP: ACCATGGCCTCGTGCCTC; RP: TCAGACCACCGAAATGTTGTCCAC Full length cDNAs were cloned into the pCS2+ expression vector using the indicated restriction sites: dkk1b (sites EcoRI and XhoI), FP: GGTGGTGAATTCACCATGTGGCCGGCGGCGCTCTCAGCCCTGACCTTC, RP: ACCACCCTCGAGTCAGTGTCTCTGGCAGGTATGG;
vsx1
(sites XhoI and XbaI), FP: GGTGGTCTCGAGACCATGGAGAAGACACGCGCG, RP:
ACCACCTCTAGATCAGTTCTCGTTCTCTGAATCGC;
oep (tdgf1) (sites BamHI and XbaI), FP: GGTGGTGGATCCACCATGAGGAGCTCAGTGTTCAGG, RP:
ACCACCTCTAGATCAAAGCAGAAATGAAAGGAGGAG.
mRNA injections
In vitro transcription was carried out from PCR products using the SP6 RNA polymerase (mMESSAGE mMACHINE) to generate full length capped mRNA. Dilutions of the mRNA to 150-200ng/µL were prepared in phenol red 0.05%. Embryos at the one cell stage were injected with 5-10 nL of working solutions using borosilicate glass pipettes (GC100F15, Harvard Apparatus LTD) pulled in a Narishige PN-30 Puller (Japan).
Image acquisition and analyses
Whole mount embryos stained by colorimetric and fluorescent ISH were imaged on a Nikon AZ100 multizoom macroscope coupled to a Nikon digital sight DS-Ri1 camera, using the NIS software. Mounted specimens were image on a Nikon Eclipse E800 microscope equipped with a Nikon DXM 1200 camera running under Nikon ACT-1 software. Confocal images were captured on a Leica SP8 microscope with the Leica Application Suite software. Morphometric analyses and cell counting were performed on the Fiji software (Image J). To measure the approximate extent of migration in the vegetal to animal axis (Height)
we measured the distance from the margin to the leading cell normalized by the distance from the margin to the animal end (a representation using the expression of lefty1 at 70% epiboly is shown in Supplemental figure 1A) . To estimate the extent of dorsal convergence we measured either the width of the expression domain (for example for flh) or the width of gap without expression (for example for myoD) normalized by the total width of the embryo (a representation using the expression of myoD at 70% epiboly is shown in Supplemental figure 1B) . All measurements were normalized, unless otherwise indicated. Another means we used to calculate the width of expression was by measuring the angle (α) of the expression pattern from an animal view, using the center of the opposite site to the expression domain to set the vertex (a representation using the expression of chordin at 50% epiboly is shown in Supplemental figure 1C ).
Statistical analyses were done in Graph pad prism 5. followed by a fusion cycle to analyze the melting curve of the PCR products. Negative controls without the reverse transcriptase were introduced to verify the absence of genomic DNA contaminants. Primers were designed using the Primer-Blast tool from NCBI and the Primer Express 3.0 software (Life Technologies).
Primers were defined either in one exon and one exon-exon junction or in two exons span by a large intron. Specificity and the absence of multilocus matching at the primer site were verified by BLAST analysis. The amplification efficiencies of primers were generated using the slopes of standard curves obtained by a fourfold dilution series. Amplification specificity for each real-time PCR reaction was confirmed by analysis of the dissociation curves. Determined Ct values were then exploited for further analysis, with the Gapdh gene as reference. Each sample measurement was made in triplicate.
Results
Molecular identity of the gastrula margin in A. mexicanus.
In the zebrafish the embryonic organizer/shield becomes apparent at the prospective dorsal margin of the blastopore right after the epiboly has covered half of the yolk cell (50% epiboly), a stage that coincides with the initiation of the internalization of mesendodermal precursors. In A. mexicanus the embryonic shield is not always as morphologically evident as it is for the zebrafish. We studied the expression of genes involved in the establishment of the organizer in the two A. mexicanus morphotypes at the equivalent stage by ISH, in order to search for early differences.
First, at 50% epiboly, the inhibitor of the WNT signaling pathway, Dkk1b, was expressed in a strikingly different pattern in the two morphs. In the surface fish, dkk1b expression was observed at the dorsal margin in two groups of cells separated by a gap in the center (Figure 1A) , a pattern observed in the majority of the embryos (around 70%; Figure 1C Chordin is a dorsalizing factor, inhibitor of the BMP pathway. In A. mexicanus it is expressed broadly in the dorsal side (Figure 1F, G) , probably further of the ventral margins of the organizer than it is described in zebrafish (Langdon & Mullins, 2011; Miller-Bertoglio et al., 1997) . In surface fish embryos chordin expression extended more ventrally than in cavefish ( Figure 1F-H) , as quantified by measuring the angle of expression in an animal view (Supplemental Figure 1C) . From a dorsal view chordin showed a slightly larger extension in the vegetal to animal axis, although not significant (not shown). This chordin pattern difference might suggest that convergence towards the dorsal pole is more advanced in cavefish.
Lefty1 is part of a feedback loop regulating nodal signaling activity, involved in axial mesoderm formation and lateral asymmetry establishment (Bisgrove et al., 1999; Meno et al., 1998) . In A. mexicanus embryos lefty1 expression was observed in the dorsal margin at 50% epiboly (Figure 1I, J) . The ventral extension of lefty1 expression was similarly variable in both morphotypes at this stage (not shown) and no significant differences were observed in the vegetal-animal extension (Height, Figure 1K ).
We also compared the expression of 3 genes involved in the development of notochord: floating head (flh), no-tail (ntl) and brachyury (bra) (Glickman et al., 2003; Schulte-Merker et al., 1994; Talbot et al., 1995) . At 50% epiboly the homeobox gene flh showed localized expression in the dorsal margin (Figure 1L , M), without differences neither in width nor in height when compared between morphotypes (Figure 1N) .
At the same stage ntl and bra expression extended homogenously all around the margin (blastopore), hindering the identification of the prospective dorsal side (Figure 1O , P and 1Q, R, respectively). No differences were observed between surface fish and cavefish.
Together these results suggested that internalizing mesodermal lineages were more advanced in CF compared to SF, relative to the percentage of epiboly. To test this hypothesis, we next analyzed the expression of axial mesodermal markers during subsequent stages of gastrulation.
Mesoderm internalization timing in A. mexicanus morphotypes
The EVL (enveloping layer) and YSL (yolk syncytial layer) drive epiboly movements that engulf the yolk cell.
Axial mesoderm precursors are mobilized from the dorsal organizer towards the rostral extreme of the embryo (animal pole), migrating in between the YSL and the epiblast (prospective neurectoderm). Since these events are important for the induction and patterning of the neural tube, we compared in detail the process of internalization in A. mexicanus morphotypes using markers of different mesodermal populations, always using the percentage of epiboly as reference to stage embryos.
The different patterns observed for dkk1b at 50% epiboly in the two morphs were also clear towards midgastrulation. In surface fish, the two clusters observed at 50% epiboly began to coalesce at the midline at 70% epiboly (Figure 2A) , whereas in the cavefish, at the same stage, dkk1b expressing cells became more grouped dorsally ( Figure 2B) and leading cells were more advanced towards the animal pole (Figure 2C) .
At 80% epiboly, dkk1b+ cells in the cavefish were close to their final position in the anterior prechordal plate at the rostral end of the embryonic axis (Figure 2E) . On the other hand, cells expressing dkk1b in the surface fish at 80% epiboly (Figure 2D ) had reached a similar distance than they did in cavefish at 70% epiboly (compare values in Figure 2F and 2C) . These expression profiles indicated that even though at 50%
epiboly dkk1b expression appears very divergent in the two morphotypes, the cellular arrangement observed later on are similar, although always more advanced in the cavefish.
The same analysis was performed at 70% epiboly for the markers chordin (Figure 2G-I) , lefty1 (Figure 2J -L) and ntl (Figure 2M-O) . These 3 genes showed a greater height value of their expression domain in cavefish than in surface fish embryos. This further suggested that at equivalent stages during gastrulation anteroposterior axis formation is more advanced in cavefish.
Next, we wondered if the observed phenotype in the cavefish axial mesoderm also extends to the neighboring paraxial mesoderm, i.e., the mesodermal tissue located laterally. We analyzed the expression of myoD and mesogenin 1 (msgn1), two genes coding for bHLH transcription factors required for early specification of myogenic tissue (Weinberg et al., 1996; Yabe and Takada, 2012) . In A. mexicanus, at midgastrulation myoD was expressed in two domains, triangular in shape, on both sides of the dorsal axial mesoderm, corresponding to the central gap without expression ( Figure 3A-D) . The height value of the expression domain was higher in cavefish embryos both at 70% and 80% epiboly compared to the surface fish ( Figure 3E) , whereas the central/dorsal gap was larger in the latter at both stages (Figure 3F) . On the other hand, msgn1 extended as a ring all around the margin, except on its dorsal aspect, leaving a central gap (Figure 3G-J) . For msgn1 no significant differences were found in the height value ( Figure 3K) , but similarly to what was observed for myoD, the central gap was reduced in cavefish embryos at 80% epiboly ( Figure 3L) . In order to understand the inter-morph differences observed using these two paraxial mesoderm markers, we performed double ISH. Similar to what was observed in single ISH, msgn1
expression extended further ventrally than myoD (Figure 3M , O; compare to insets in Figures 3A, B , G and H) . Differences also appeared in the vegetal to animal axis, where the larger extension encompassed by myoD was clear in both morphs (Figure 3M, O) . These results suggested that the differences observed in our measurements of paraxial mesoderm extension were mainly due to the cell population expressing myoD, but not msgn1, which is more advanced towards the animal end of the embryo (Figure 3N, P) . In addition, if the size of the central gap where expression of the two paraxial markers is interrupted is taken as a readout of dorsal convergence, these data suggested an earlier convergence and extension in cavefish than in surface fish (at a given stage of epiboly). This could contribute to differences in height values observed with axial mesoderm markers.
A. mexicanus morphotypes exhibit notable differences in axial mesoderm structure
The antero-posterior embryonic axis in A. mexicanus is formed after epiboly has been completed, at the bud-stage (10hpf). The prechordal plate and notochord are the anterior and posterior segments of the axial mesoderm, respectively, both important for the induction and patterning of neural fates. To compare the organization of the axial mesoderm in cave and surface embryos, we analyzed the expression of the markers described in the previous sections, to identify specific segments once the embryonic axis has been formed. Using triple fluorescent in situ hybridization, three non-overlapping molecular subdomains were recognized: the anterior prechordal plate or polster labeled by dkk1b, the posterior prechordal plate defined by shh expression (larger in cavefish as previously described; Pottin et al., 2011; Yamamoto et al., 2004) and the notochord more posteriorly, labeled by ntl (Figure 4A, B) . In addition, lefty1 expression covered both the anterior and posterior subdomains of the prechordal plate (Figure 4C-F) . In the posterior prechordal plate lefty1 and shh showed overlapping patterns in both morphotypes (Figure 4C, D) , whereas dkk1b and lefty1 showed only minimal co-expression anteriorly (Figure 4E, F) , similarly to what we observed at earlier stages (see Figure 2 and Supplemental Figure 2) . Moreover, the distribution of polster dkk1b-expressing cells was strikingly different between the two morphs. In surface fish they were tightly compacted ( Figure 4A) , while in cavefish they were loosely organized ( Figure 4B) . The number of dkk1bexpressing cells, analyzed in confocal sections, were similar in cavefish and surface fish (Figure 4G) . The distribution of the dkk1b cells in the antero-posterior axis, measured by the distance between the first and the last cells (Length A-P), was identical ( Figure 4H) . However, the dkk1b positive cells covered a larger extension in the lateral axis (Length lateral) in cavefish embryos (Figure 4I) , indicating that these cells are arranged at a lower density as compared to surface fish. A similar pattern was observed for the anterior domain of lefty1 expression (compare Figures 4C, E to 4D, F) . Thus, both the anterior/polster (dkk1b+) and
the posterior part (shh+) of the prechordal plate are laterally expanded in cavefish.
Next, other differences in size or position of axial mesoderm segments at bud stage were explored. The distance from the anterior-most polster cell expressing dkk1b to the leading notochord cell expressing ntl was identical in the two morphs (Supplemental figure 3 A-C) . Polster cells expressing dkk1b laid just beneath the cells of the anterior neural plate border (dlx3b+) in both morphotypes (Supplemental figure   3 D, E) . The extension of the notochord was also measured. At bud stage ntl and bra expression labeled the notochord in its whole extension (Figure 4J, K and not shown) . On the other hand, flh was expressed in the posterior end and in a small cluster of the rostral notochord (Figure 4L, M) (plus two bilateral patches in the neural plate probably corresponding to the prospective pineal gland in the diencephalon). For the three notochordal markers, the distance from the rostral expression boundary to tail bud (normalized by the size of the embryo) was larger in cavefish compared to surface fish (Figure 4N-P) . In line with our observations of axial and paraxial mesoderm markers during mid-gastrulation (Figure 2-3) , these results suggest a delayed convergence and extension in the surface fish compared to cavefish.
"Potential" effects of heterochrony in gastrulation and gene expression dynamics on brain development
In zebrafish embryos dkk1b expression in the prechordal plate becomes downregulated from early somitogenesis (Hashimoto et al., 2000) . Our observations of heterochronic gastrulation events prompted us to search for potential differences also in the disappearance of dkk1b expression later on. In surface fish dkk1b was still expressed in all embryos at the 6 and 8 somite stage (13/13, Figure 5A and 11/11, Figure 5C , respectively). In contrast, in cavefish dkk1b expression was observed only in 46% of the embryos at 6 somites (6/13, always with low signal level) ( Figure 5B) and it was absent in the majority of embryos at 8 somite stage, with only 19% of weakly positive embryos (4/21, not shown) (Figure 5D) .
Given the major spatio-temporal differences in dkk1b expression pattern observed from the onset of gastrulation to the end of neurulation between cave and surface embryos, we also examined its expression levels through qPCR experiments. While at 50% epiboly dkk1b transcript levels were similar in the two morphs (0.95 fold, NS), at bud stage dkk1b levels were almost four times lower in cavefish than in surface fish embryos (0.27 fold).
Since dkk1b is a strong inhibitor of WNT signaling, with conserved functions in the regulation of brain development (Hashimoto et al., 2000; Lewis et al., 2008) , these differences both in expression levels and timing of downregulation may have downstream consequences in forebrain morphogenesis. Previous data from our laboratory have described a heterochronic onset of fgf8 expression at the anterior neural border . At 4 somite stage (when fgf8 can be detected in cavefish, but not in surface fish embryos) we observed that dkk1b expressing cells abut on and seem to restrict antero-ventrally the cells expressing fgf8 (Figure 5E, E' ), suggesting a possible interaction between the WNT and FGF signaling pathways at this level.
Maternal control of early development
The earliest developmental events including the first cell divisions, breaking of symmetries (except lateralization) and induction of the embryonic organizer rely exclusively on maternal factors present in the oocyte long before fertilization. The findings above showing early convergence, extension and internalization of mesodermal cell populations in the cave morphs, and differences in the spatio-temporal gene regulation in tissues derived from the organizer prompted the examination of precocious embryogenesis and the investigation of maternal components. The inter-fertility between A. mexicanus morphotypes offers a powerful system to study the potential contribution of these maternally-produced factors to phenotypic evolution (Ma et al., 2018) . We compared gastrulation progression in F1 hybrid embryos obtained from fertilization of surface fish eggs with cavefish sperm (HybSF), and cavefish eggs with surface fish sperm (HybCF). In principle, phenotypic correspondence to the maternal morphotype indicates a strong maternal effect. Results obtained in F1 hybrids were compared to those obtained from wild type morphs in previous sections.
First, the expression patterns of dkk1b were compared. At 50% epiboly the percentages of the phenotypic categories (described in Figure 1 ) in hybrid embryos were strikingly similar to those of their maternal morphotypes (Figure 6C) , with the majority of HybSF presenting two spots of dkk1b expression ( Figure 6A) as surface fish embryos (Figure 1A) , whereas most of HybCF embryos showed only one continuous expression domain (Figure 6B) . At 70% epiboly the results followed the same trend. In HybSF embryos the two domains of dkk1b expressing cells start to join dorsally, with little advancement towards the animal pole (Figure 6D) , similar to surface embryos (Figure 2A) . In contrast, HybCF were more alike cavefish embryos (Figure 2B) , with cells grouped dorsally close to the animal end (Figure 6E) . Analyses of the distance reached by the leading cell showed significant differences between the two reciprocal hybrids types, which were identical to their maternal morphs (Figure 6F) . The expression of lefty1 and ntl at 70% epiboly was also compared in F1 hybrids (Figure 6G-I and 6J-L, respectively) . The advancement of axial mesoderm populations labeled by the two markers was significantly increased in HybCF compared to HybSF, with height values akin to their respective maternal morphs (Figure 6I, L) . These results indicate that spatio-temporal differences observed during gastrulation between cavefish and surface fish fully depend on maternal contribution.
Finally, we sought to test whether forebrain phenotypes described previously in cavefish at later developmental stages could be also influenced by maternal effects, as a long-lasting consequence of the maternal influence during gastrulation. Hypothalamic, eye and olfactory epithelium development were analyzed in reciprocal hybrids between 15hpf and 24hpf.
Inter-morph variations in the expression domains of the LIM-homeodomain transcription factors Lhx9 and
Lhx7 drive changes in Hypocretin and NPY neuropeptidergic neuronal patterning in the hypothalamus, respectively (Alié et al., 2018) . We therefore compared expression domains of Lhx9 (size of the hypothalamic domain at 15 hpf; brackets in Figure 7A, B) and Lhx7 (number of positive cells at 24 hpf in the hypothalamic acroterminal domain; dotted circles in Figure 7D , E) and the numbers of their respective neuropeptidergic Hypocretin and NPY derivatives in the reciprocal hybrids and their parental morphotypes. In all four cases the analyses showed strong significant differences between cavefish and surface fish, as previously described (Alié et al., 2018) (Figure 7A to 7L, *** for each). In order to help the visualization and interpretation of the F1 hybrid data, simplified plots were generated (Figure 7C'F'I' Figure 7C, F) , with a slight deviation towards the surface morph, more evident for the HybSF (Figure C' and F'). For Hypocretin and NPY neuropeptidergic lineages derived from Lhx9 and Lhx7-expressing progenitors, a significant difference in neuron numbers existed between reciprocal hybrids (Figure 7GHI and JKL, respectively, * for each), suggesting the involvement of maternal components. Moreover, the number of Hypocretin neurons in HybSF and the number of NPY neurons in HybCF were identical to their maternal morphotype, respectively, whereas values for their reciprocal hybrids were close to the theoretical intermediate value (Figure 7I'L') . These results suggest that maternal determinants impact at least in part hypothalamic neuronal differentiation, possibly together with other, complex, allelic dominance or zygotic mechanisms.
In cavefish, the smaller size of the eye primordium and the larger olfactory epithelia compared to surface fish are also due to modifications of signals emanating from midline organizers, including shh and fgf8 (Hinaux et al., 2016; Pottin et al., 2011; Yamamoto et al. , 2004) . The size of these sensory structures were measured in reciprocal hybrids to test if the cascade of events affected by the maternal determinants also has an impact later in development. First, in F1 hybrids, the size of the eye ball and the size of the lens at 24 hpf (dotted lines in Figure 7M, N; DAPI stained embryos) were intermediate between those from the parental morphs (Figure 7O, P) , without significant differences between the hybrids in the ANOVA test. Of note, when considering only the hybrids, the Mann Whitney test showed a significant difference in lens size (Figure 7P , golden star p= 0.0202), suggesting a reminiscence of maternal effect. In the plots of mean distribution for Eye ball size the hybrid values were located close to the expected mean (Figure 7O') . In the plot for lens size however, the hybrid values were slightly deviated towards the cavefish mean ( Figure   7P' ), suggesting also a dominance of cavefish alleles involved in lens development. Finally, the size of the olfactory epithelium at 24 hpf was similar in HybSF and HybCF (Figure 7Q to S' ; DAPI staining) and ( Figure   7T to V'; ISH to eya2). In both types of read-outs, the mean values for hybrids appeared shifted towards surface fish values (Figure S', V') , suggesting a dominance of the surface fish alleles involved in olfactory epithelium development.
Taken together, these results indicate that the effect of maternal determinants are fully penetrant at least to final stages of gastrulation, suggesting that mRNAs and proteins present in the oocyte must vary between the two Astyanax morphotypes. At later developmental stages the maternal effect appears to be "diluted" by other mechanisms regulating gene expression and morphogenesis, although some differences can still be observed.
Towards identification of varying maternal factors in cavefish
A candidate approach was undertaken on a restricted number of genes to identify differentially-expressed maternal factors in the two Astyanax morphs by qPCR, on 2hpf embryos. Since nuclear localization of maternal beta-catenin in the future dorsal side is the first indication of dorso-ventral polarity in the embryo (Bellipanni, et al., 2006) , the two β-catenin genes, ctnnb1 and ctnnb2 were analyzed. We also included
Oep (one-eyed pinhead, also named tdgf1), a Nodal co-receptor necessary for dkk1b induction and shield formation and whose maternal and zygotic mutant (MZoep) shows defects in margin internalization and fate specification in zebrafish (Carmany-Rampey & Schier, 2001; ; as well as the maternal ventralizing transcription factor Vsx1 (Visual System homeobox 1) which regulates flh and ntl expression and is involved in axial versus paraxial mesoderm specification and migration Xu, He et al, 2014) .
Ctnnb1 and ctnnb2 transcripts levels were similar in cavefish and surface fish embryos (0.70 and 0.73 fold in cavefish, NS), while both Vsx1 and Oep mRNA levels were significantly reduced in cavefish (0.40 and 0.57 fold in cavefish, respectively). This demonstrates that expression differences exist for maternallyexpressed factors between cave and surface embryos just after fertilization, and before the mid-blastula transition. To test for a possible role of these two maternal down-regulated transcripts in the cavefish gastrulation phenotype, we performed overexpression experiments through mRNA injection at one cell stage in cavefish eggs. As read-out of these rescue experiments, dkk1b expression was examined at 50% and 70% epiboly. Vsx1-injected and Oep-injected embryos were similar to control cavefish embryos in terms of spatio-temporal dkk1b pattern, although some signs of disorganization were visible on several specimens (not shown). Thus, a role for Vsx1 and Oep maternal transcripts in the variations of dkk1b expression observed between the two Astyanax morphs is unlikely. These preliminary data pave the way for future larger scale transcriptomic analyses.
Discussion
Astyanax mexicanus has become an excellent model to uncover developmental mechanisms leading to phenotypic evolution. Modifications in midline signaling centers during early embryogenesis have led to troglomorphic adaptations in cavefish, including eye degeneration, larger olfactory epithelia and increased number of taste buds. In addition to previously described modifications in the expression of the signaling molecules shh, fgf8, and bmp4, here we show striking temporal, spatial and quantitative differences in the expression of dkk1b, an inhibitor of the WNT signaling pathway and we explore the idea that maternallyregulated gastrulation might be a source of variation contributing to cavefish morphological evolution.
Prechordal plate and forebrain patterning
Genetic manipulations, tissue ablation and transplantation experiments have demonstrated the importance of the prechordal plate as a signaling center involved in the patterning of the basal forebrain (Heisenberg & Nüsslein-Volhard, 1997; Pera & Kessel, 1997) . In fish, the prechordal plate is organized in two domains: the rostral polster (Kimmel et al., 1995) and a posterior domain abutting caudally with the notochord. In A. mexicanus the expression of shh in the posterior prechordal plate occupies a wider domain in the cavefish compared to surface fish Yamamoto 2004) , and enhanced shh signaling has pleiotropic effects in in the development of head structures in the cavefish (Yamamoto et al., 2009 ). Here we showed that the anterior domain of the prechordal plate is a source of the morphogen dkk1b, whose expression is complementary to that of shh (and fgf8) at the neural plate stage. At this stage, dkk1b expressing cells are organized as a compact cluster in the surface fish, while in the cavefish they are more loosely distributed, and with lower levels of dkk1b transcripts. Inhibition of WNT signaling in the anterior brain is critical for patterning and morphogenesis. Mouse or Xenopus embryos with impaired Dkk1 function lack anterior brain structures (Glinka et al., 1998; Mukhopadhyay et al., 2001) , whereas misexpression of dkk1b in zebrafish embryos produce anteriorization of the neurectoderm, including enlargement of eyes (Shinya et al., 2000) . Head development is sensitive to WNT signaling dosage (Lewis et al., 2008) , and the temporal variations of dkk1b expression we observed here might contribute to forebrain evolution in cavefish. Indeed, the timing and intensity of WNT (this work) and BMP (Hinaux et al., 2016) signaling at the anterior pole of the axial mesoderm must instruct the fate and morphogenetic movements of overlying anterior neural plate progenitors destined to form the optic region and the hypothalamus, as well as the placode derivatives (Bielen et al., 2017; Rétaux et al., 2013) .
Embryonic axis formation
The establishment of the embryonic axes and primordial germ layers occurs through complex morphogenetic cell rearrangements during gastrulation (Schier and Talbot, 2005; Solnica-Krezel and Sepich, 2012) . The main outcomes of gastrulation are the spreading of the blastodermal cells, internalization of endomesoderm precursors and the elongation of the antero-posterior embryonic axis.
We hypothesized that the differences observed in the axial mesoderm of A. mexicanus morphotypes may be the consequence of upstream events during gastrulation. We systematically compared the process of gastrulation by analyzing the expression of markers of different mesodermal population along its course.
At equivalent stages, as judged by the percentage of epiboly, we observed that the advancement of internalized tissues migrating in the vegetal to animal direction is more precociously in cavefish embryos than in surface fish. Interestingly, this finding was not only restricted to axial mesodermal elements, but also applied to laterally adjacent paraxial mesoderm, suggesting a global phenomenon. From the different measurements performed, we concluded that dorsal convergence, earlier internalization and anteroposterior extension might be the driving forces leading to the more advanced phenotype observed in cavefish gastrulas. Interestingly, the differences in hypoblast movements we observed, relative to the percentage of epiboly covering, highlight the uncoupling between gastrulation cells movements and the epiboly itself, as spectacularly illustrated in the extreme example of annual killifish embryogenesis (Pereiro et al., 2017) . We suggest that these temporal variations in gastrulation events might later correlate to differences observed in the off-set of dkk1b expression, occurring in cavefish before the 6 somite stage and in surface fish after the 8 somite stage. This possibly is also associated to the previously described heterochrony on fgf8 expression in the anterior neural border, two hours earlier in the cavefish and which has an impact on eye morphogenesis.
Cellular interactions during gastrulation
Gastrulation involves dynamic interactions between different cell populations, while as they move, cells are exposed to changing signals in their immediate environment. Individual interactions between tissues, such as the migration of the hypoblast using epiblast as substrate (Smutny et al., 2017) and the influences that the blastodermal cells receive from direct physical contact with the extraembryonic EVL (Reig et al., 2017) and YSL (Carvalho & Heisenberg, 2010 ) must be integrated as gastrulation proceeds. In addition, the prechordal plate has been described as a cell population undergoing collective migration, implying numerous cell-cell interactions between prechordal cells themselves (Dumortier et al., 2012; T. Zhang et al., 2014) . Genetic dissection of the parameters regulating prechordal plate migration (coherence, motility and directionality) (Kai et al., 2008) , as well as the identification of intrinsic properties of the moving group (Dumortier et al., 2012) , have helped understanding the molecular and cellular aspects regulating their migration. The markers we used here to label the prechordal plate during gastrulation suggest that within this domain lefty1-expressing cells follow collective migration as a cohesive group, whereas dkk1b+ cells constitute a more dispersed group, especially in the cavefish, and as also recently observed by Ren et al., 2018 . Moreover, increased Nodal signaling and changed cell distribution have been reported in the organizer in cavefish embryos (Ren et al., 2018) . Together with our observation of the apparently early internalization of axial mesoderm cells in cavefish, collectively these data suggest that the structural variations observed in the cavefish prechordal plate may relate to differential physical and adhesion
properties of the organizer/prechordal cells in the two morphs. Live imaging will be necessary to better compare the properties of prechordal plate cells in cavefish and surface fish. Moreover, detailed analyses of expression of molecules involved in cell adhesion, such as snails and cadherins (Blanco et al., 2007; Montero et al., 2005; Shimizu et al., 2005) , as well as those involved in membrane protrusion formation, such as β-actin (Giger & David, 2017) , will help to explore the possibility that divergence in the intrinsic properties of prechordal plate cells may account for cavefish phenotypic evolution.
Maternal control of gastrulation
Regardless of the striking morphological evolution observed in A. mexicanus morphotypes, their time of divergence has been estimated to be recent (less than 20.000 years ago) (Fumey et al., 2018) . The interfertility, reminiscent of such a short time of divergence between the two morphs, has allowed the use of hybrids for the identification of the genetic basis behind phenotypic change (Casane & Rétaux, 2016; Protas et al., 2006) .
Since early embryonic development is driven by maternal determinants present in the oocyte previous to fecundation, the cross fertility in A. mexicanus species is a valuable tool to obtain information about the contribution of maternal effect genes to phenotypic evolution (Ma et al., 2018) . Our analyses in F1 reciprocal hybrids demonstrated that the developmental evolution of gastrulation in cavefish is dependent on maternal factors. This encouraged us to search for genes differentially expressed in embryos at two hours post-fertilization, before zygotic genes become transcriptionally active. In qPCR analyses the candidate genes beta-catenin 1 and 2, involved in the establishment of the organizer (Kelly et al., 2000) , did not show significantly different levels of expression. Two other genes, oep and vsx1, implicated in the development of the prechordal plate (Gritsman et al., 1999; Xu et al., 2014) showed reduced levels in cavefish compared to surface fish. However, overexpression of these two candidate genes by mRNA injection in cavefish was not able to recapitulate the gastrulation phenotype observed in the surface fish. Ma et al. (2018) have also recently described increased pou2f1b, runx2b, and axin1 mRNA levels in unfertilized cavefish eggs as compared to surface fish eggs. Although these results clearly confirm predictions about differentially expressed maternal genes, more systematic comparative transcriptomic analyses are now necessary to identify maternal signaling factors and pathways that impact cavefish developmental evolution. In addition, modified gene expression could be due to differential cis-regulation of gene expression, which for maternal effect genes in evolutionary context has not been explored yet to our knowledge in any species.
Our results on the impact of maternal determinants in forebrain morphogenesis are puzzling. Regarding the eye phenotype, our results are consistent with those of Ma et al., 2018 who examined maternal genetic effects in cavefish eye development and degeneration: at embryonic stages (12-24hpf), eye size and shape do not seem to be influenced by maternal factors. However, later larval lens apoptosis and eye regression appear to be under maternal control (Ma et al., 2018) . This fits with our finding that lens size at 24hpf differs between reciprocal F1 hybrids. Indeed, the defective and apoptotic lens in cavefish is the trigger for eye degeneration (Yamamoto & Jeffery, 2000) and midline shh signaling indirectly impacts this lensdirected process (Hinaux et al., 2016; Ren et al., 2018; Yamamoto et al., 2004) . Hence, the lens phenotype, but not the retina (which is in fact relatively properly formed and healthy in cavefish embryos), probably results from maternally-controlled developmental evolution in cavefish. This renders even more mysterious the long-standing question of what regulates the lens defects and apoptotic process in cavefish embryos.
More generally, regarding hypothalamic, eye and olfactory development that we have analyzed, our interpretation is that although maternal factors greatly influence early developmental decisions, later phenotypes become "diluted" due to other mechanisms entering into play. We suggest that once zygotic genome takes control over development, allelic dominance has a major impact on the phenotypes we observed from 15 hpf onwards, although we could still observe some tendency to maternally-controlled phenotype in hybrids for some of the traits analyzed. Of note in Astyanax, some behavioral traits in adults have already been shown to be under parental inheritance (Yoshizawa et al., 2012) : the vibration attraction behavior and its underlying sensory receptors (the neuromasts) are under paternal inheritance in cavefish originating from the Pachón cave, while they are under maternal inheritance in cavefish originating from the Los Sabinos cave. These examples underscore the different levels of developmental regulation that must interact to produce a hybrid phenotype.
The study of the impact of maternal components in the morphological and developmental evolution of species is open. To our knowledge, besides Astyanax cavefish, only one study reported a maternal contribution regulating the developmental trajectory of entry into diapause in a killifish (Romney & Podrabsky, 2017) . Thus Astyanax cavefish appear as a proper model to disentangle the very early genetic and embryonic mechanisms of morphological evolution. is the pattern observed in A, "1 spot" (red) is the pattern observed in B, and "Line" is an intermediate profile (not shown).
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